Abstract: The twist-bend nematic (N TB )p hase is ar ecently discovered liquid-crystalline phase that exhibits macroscopic chirality even when formed from achiral materials, and as such presents au nique testbed for studies concerning the spontaneousb reaking of mirror symmetry in soft matter.I ti sp rimarily exhibited by materials for which the molecular structure is composed of two rigid aromatic units (such as biphenyl connected by af lexible spacer). The local structure of the N TB phase is nematic-like-with molecules having an average orientational orderb ut no positional order-with an anoscale helix in which the pitch (i.e.,t he repeatd istance of the helix) is of the order of several nanometres. Ah elix is chiral, and so the bulk N TB phase-in the absence of ab iasing chiral environment-spontaneously separates into macroscopic domains of opposite handedness.A fter discussing the structure of this mesophase and its elucidation, this concept article presents the molecular factorsthat determine its incidence. The apparent dependency primarily on molecular shape and bend angle rather than particularf unctional group combinations manifests in this mesophase being exhibited on length scales far beyondt hose of simple liquid-crystalline dimers, not only in oligomers and polymers, buta lso in aqueous suspensions of micron sized helical particles.
Introduction
The twist-bend nematic phase (N TB ,a lso referred to as twistbend phase or TB) presentsp erhaps one of the most well-understoode xamples of spontaneous breakingo fm irror symmetry in soft matter.I nt he N TB phase there exists al ocal helical structureo fv ery short pitch of about 10 nm. [1] In the N TB phase the molecules are tilted with respectt ot he helix axis, but lack positional ordering and thus the mesophasei s" nematic". [2] Similarly,o ther modulated nematic-like mesophases have been predicted to occur (splay-bendn ematic (N SB ), [3, 4] ands crew nematic( N S *) [5, 6] to give two examples.)T he pitch length of the N TB helix (P TB )h as been directly measured by freeze-fracture transmission electron microscopy, [1, 7, 8] by resonant carbon K-edge small-angle X-ray scattering [9] and by resonant selenium small-angleX -ray scattering. [10] All three methods give aq ualitative measurement of the pitch length, which is of the order of several nanometers. Deuterium NMR spectroscopy conducted in situ on samples doped with as uitable spin probe has also been interpreted as supporting the presence of al ocal helix with an anoscale pitch (i.e.,s everalm olecular lengths), [11] although other modelsh ave been used to interpret these results. [12, 13] Examples of FFTEM, RoSAXSa nd 2 HNMR data are given in Figure 1 . These methods have proved invaluable in the study of the N TB phase, providing the strongest evidence yetf or the presently accepted model of this phase, and it is to be expectedt hat they will find great utility in the study of other modulated nematic and smectic mesophasesa st hey arise. For example, in addition to the N TB and N SB mesophases already mentioned, an extension of Landau-deGennes theory of nematics hasb een used to predict the existence of two as yet experimentally undiscovered polar nematic phases with transverse (N TP )a nd longitudinal (N LP )p olarisation. [14] Ah elix is inherently chiral and so the helical N TB phase spontaneously separates into macroscale domains of opposite handedness when formed from an achiral material. Due to their flexibility liquid crystal (LC) dimers can adopt ar ange of conformations, some of which-for example as ingle gauche in the alkyl chain-willb ec hiral. In the absence of ab iasing chiral environment, such conformers are expectedt oo ccur in pairs that are separated by am irror plane (Figure 2b )w ith equal probability,t hus the conformationally averaged structure is achiral. The + /À gauche conformers of CB5CB (1,w-bis(4-cyanobiphenyl-4'-yl)pentane) are higheri ne nergy than the trans conformers by about1 .8 kJ mol À1 at the B3LYP/6-31G(d) level of DFT with ar otational barrier of about 14.4 kJ mol À1 (Figure 2c) , which implies that there is rapid interconversion between these states within the temperature range of interest (300-450K for the 1,w-bis(4-cyanobiphenyl-4'-yl)alkane (CBnCB)m aterials). [16, 17] In the case of ab iasing chirale nvironment such as the presence of ac hiral additive, or when the materialt hat exhibits the phase is itself chiral, only one hand of the N TB helix forms. [18] It has been demonstrated that the local chirality of the N TB phase results in as mallc hiral biasing of the conformer distribution of bimesogens, but that the spontaneous conformational chirality is not the origin of the chirality of the N TB phase. [19] Although initially reported only in methylenel inked dimers, [21, 22] the N TB phase has been observed in dimers with variousl inking groups, [23] [24] [25] [26] as well as in bent-corem aterials [8] and presently there are about 140 dimeric materials known to exhibit the twist-bend nematic phase. [27] An umber of different mesogenic units have been studied within the context of the N TB phase as shown in Figure 3a -c. In addition to the wellstudied cyanobiphenyld erivatives, the N TB phase has been observed for materials with mesogenic units incorporating heterocycles, [28] laterally fluorinated rings, [22, 29] cyclohexyl and bicyclohexyl rings, [30] photoisomerisable azo-linkers, [31] and trimeric systemsformed from hydrogen-bonded dimers of benzoica cid derivatives. [32] The largests ub-groupingw ithin this number is materials possessing methylene linking groups, an onamethylene spacera nd two mesogenic units comprised of two rigid cyclic units (40 in total) . [33] The bias towards this subdivision is ap roduct of availability of chemicalr eagents rather than some advantage conferred by this particular combination of structural features. We reported previously for this subdivision, and indeed all comparable divisions that we are aware of, that al inear relationship exists between the N TB -N and N-Iso transition temperatures (Figure 3d) . [33] This result complements earlier studies that found no correlation between the incidence of this phase and molecular properties, such as polarisability or electric dipole moment. [30, 34] Such an outcome was first noted in at heoretical treatment by Greco et al. [35] andl ater Vaupotic et al. proposed that "the internal structure of the TB nematic is driven mainly by steric interactions." [36] Experimental results would appear to be in agreement with these theoretical treatments;t he N TB phase is driven by molecular shape and steric interactions rather than any combination of functional groups and so forth. [37] The twist-bend nematic phase can be observed for mixtures between ad imer (or bimesogen, trimesogen etc.) and ar od-like molecule. Tuchbande tal. have demonstrated that for mixtures of the dimer CB7CB with the rod-like 5CB (4-pentyl-4'-cyanobiphenyl) both the mean N TB pitch length and distribution of pitch lengths (measured by FFTEM [38] and carbonK -edgeR oSAXS [39] )i ncreases with increasing concentrationo ft he rod-likec omponent.A sC B7CB is "bent" and 5CB is rod-like the increaseinpitch length asafunction of 5CB concentration may indicatearelationship between the molecular bend angle and the periodicity of the N TB helix. [39] The odd parity of the central spacer found in all N TB dimers confers ab ent molecular shape, and theoretical treatments indicate that the thermalstabilityofthe N TB phase should display ad ependency on just how bent (or not) the molecular structure of ag iven material is.
[42] In 2016 we reported that the angle between the two mesogenic units is one of the prime factors in determining the thermal stability of the twist-bend nematicp hase. [43] These investigations were undertaken, in part, to see if theoretical predictionso falink betweent he bending angle and the N TB phase would be borne out in experimental work. Bend angles were taken to be the all-trans conformer that we found to be dominant using solution-based 1D 1 HN OESY NMR spectroscopy ;i ndeed this is also reported to be the dominant conformer in the bulk N TB phase from 2 HNMR data coupled with DFT calculations. [19] The dominance of the all-trans conformer over other conformations has been demonstrated for both methylene-and ether-linked dimers using proton-enhanced local field (PELF)N MR spectroscopy on CB7CB [19] and dielectric spectroscopyo n1 ''-(2',4-difluorobiphenyl-4'-yloxy)-9''-(4-cyanobiphenyl-4'-yloxy)nonane (FFO9OCB), respectively. [44] In reality the use of as ingle conformer to describe the bend angle is insufficient for flexible mole- Figure 1 . The twist-bend nematic phase:a)Cartoon depiction of ab ent, U-shapedd imers with ab endangleof% 1108 forming aN TB phase whose pitch (P TB ) is about 3.5 times the dimerl ength. b) Resonant small-angle X-ray scattering at the carbon K-edge (E = 283.5 eV) of the dimer CB9CB at various temperatures in the N TB and classicaln ematic mesophases on as ilicon nitride surface, reprinted from reference [9] ,copyright 2016 by the American PhysicalS ociety. c) Comparison of the freeze-fracture TEM image of CB7CB in the nematicp hase quenched at 105 8C( A) and the N TB phase quencheda t9 58C(B, labelleda s N X )-inboth mesophases the scale bar corresponds to 100 nm (reproduced from reference [7] ,used with permission of the NationalA cademy of Scienceso f the United Stateso fAmerica, copyright2 013). [7] d) 1 HNMR spectra of [D 2 ]8CB dissolved in CB7CB and recorded in the nematic (106 8C, 46.0MHz) and twistbend nematic (75 8C, 61.4 MHz), adapted with permission from reference [15] ,c opyright AmericanC hemical Society2012.
cules, such as LC dimers, and so we opted to studyanew set of materials computationally,o btaining al ibrary of conformers from which we can then obtain the full distribution of bend angles as well as aw eighted average molecular bend. [45] Ta ble 1s hows the transition temperatures of some cyanobiphenyld imers with varying linking group and spacerc omposition. Some values were obtained from asurvey of the literature (compounds 3, [17] 6, [46] 7, [31] 8 [43] ), whilst novel compounds were synthesised (compounds 1, 2, 4, 5). [45] Both materials bearing two alkyne linking groups (1 and 2) were non mesogenic, with 2 decomposingu pon heating.P aterson et al. reported1 -(4-cyanobiphenyl-4'-yloxy)-6-(4-cyanobiphenyl-4'-yl)hexane (CB6OCB-compound 6 in this work), finding that replacing one of the two methylene groups adjacent to the 4-cyanobiphenyl mesogenic unit in CB7CB confers am odest increase in the N TB -N transition temperature, T NTB-N . [46] Positioning as ingle ether link in the centre of CB7CB (to give an isomer of 6/CB6OCB) lead to the finding that T NTB-N drops dramatically relative to both parent materials. Increasing the rigidity of the central spacero f6 by incorporating an alkyne unit (5)r educes both the clearing point and N TB -N transition temperatures. When two ether-linking units are used (7/ CBO5OCB) there is ap rominent reduction in T NTB-N relative to both compounds 3 and 6.T he use of two ketones as linking units (8)l ed to al arge increase in both T NTB-N and T N-Iso relative to the parent compound 3. [43] Performing relaxeds cans using the AM1 semi empirical method to obtain al ibrary of conformers for compounds 3-8 ( Figure 4a )a llows aB oltzmannw eighted averageb enda ngle to be obtained (Figure 4b )a nd also the ratio between hairpin and bentc onformers (bend angle < 608 and benda ngle ! 608, < 1508 respectively) to be determined ( Figure 4c ). As with previous work, this demonstrates the importance of the bend angle and the intimater elationship that exists betweent his and the thermal stability of the N TB mesophase (i.e.,t he onset temperature), [43] and reaffirmst he conclusion that materials lacking ano verall bent shape (i.e.,e ven parity homologues) cannote xhibit the N TB phasea si ti sp resently understood.I ti s also apparent that the clearing point does not appear to display such astrongd ependence on the bend angle.
The twist-bend nematic phase as exhibited by liquid-crystalline dimers is seemingly fairly well understoodi nt erms of the molecular factors that govern the incidence of this phase, and so our attention now turns to oligomeric materials that exhibit this mesophase.J ansze et al. reported in 2014o nanovel hydrogen-bonded liquid-crystalline trimer that also exhibited the twist-bend nematic phase (Figure 5a) . [32] This material, known as 4-[6-(4'-cyanobiphenyl-4-yl)hexyloxy]benzoic acid (CB6OBA), has an odd-parity spacer unit-the homologous even-parity material( CB5OBA) does not exhibit the N TB phase, mirroring trends seen for dimers and bimesogens. Shortly after this Wang et al. reported ah ybrid calamitic/bent-core trimer that )v ersus this torsionala ngle as obtained for an isolatedmolecule of CB5CBu sing relaxed scans(36 108 steps) at the B3LYP/6-31G(d) levelo fD FT in the Gaussian 09 suite of programs. [20] The solid red line is afit to guide the eye.
Chem.E ur.J. [47] This material, shown in Figure 5b , with two cyanobiphenyl mesogenic units appendedtoacentral resorcinol derived bent-core type mesogenic unit. In 2016 am ethylene-linked tetramer (T4 9 or RM1697, Figure 5d )w as reported by us;t his materiale xhibits enantiotropic nematic and twist-bend nematic mesophases, [48] as does the related linear trimer T3 9 (RM1698, Figure 5c ). [49] Both T3 9 and T4 9 can be prepared in the same manner;a ni ntermediate with one complete mesogenic unit and one half-complete mesogenic unit bearing ap henol is esterified with an appropriate dicarboxylic acidt oyield atrimer/tetramer.
It had been hypothesisedt hat higher oligomers should exhibit the twist-bendn ematicp hase, [48, 49] and whereas dimers, trimers and tetramers are readily accessible the synthesis of higher methylene-linked oligomers has not been reported. We therefore devised as ynthetic approach ( Figure 6 ) to these materials that relies on an intermediate containing two half-complete mesogenic units (4-hydroxyphenyl and benzyl4 -carboxyphenylb enzoate) separated by as pacer,i nt his case heptamethylene. [50] Esterification of the free phenol with as uitable carboxylic acid followed by debenzylation by meanso fh ydrogenolysis yields another carboxylic acid;t his is then free to be esterified with another portion of the phenol/masked-acid intermediate, extending the length of the molecule in as tepwise manner,p roviding essentially monodisperse oligomeric materials. To date we have used this approacht op reparealinear tetramer (O4 7 )a nd al inear hexamer (O6 7 ), both of which exhibit the twist-bendn ematic mesophase ( Figure 6 ). Assuming threefold rotation-a simplification in itself-about each methylene unit the number of conformers of each oligomer is large Figure 3 . Molecular structure and the twist-bend nematic phase:a)core structures incorporating terminal nitrile units; [21, 28, 34] b) core structures incorporatingf luoro groups or hydrogenb onds; [22-24, 29, 32] c) core structures incorporatingt erminal alkyl chains, saturated ring systemsa nd azo groups. [30, 40, 41] d) Plot of the N TB -N transition temperature versus the N-Isot ransition temperature for dimers and bimesogens with anonamethylenespacer, methylene linking groups and mesogenic units consisting of two aromatic or aliphatic rings.Similar plots can be constructed for oligomers, polymers, dimers containingvarious aspectr atioso rs pacer lengths and so forth, resulting in linear fits with differing slopes.T he fit takes the form T NTB- Table 1 . Transition temperatures [8C] for compounds 1-7,w ith the trivial names of 3 and 6 also given. Values were taken from. [17, 43, 45, 46] *. [ 45] Chem.E ur.J.2017, 23,8771 -8779 www.chemeurj.org 2017 The Authors. Published by Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim enough to make study of the conformational landscape of these materials in their entirety( as opposed to truncated forms) challenging. While an abundance of liquid-crystalline trimers and tetramers are known in the literature, higher oligomers are something of ar arity.I ti sb elieved that with refinement (and possibly automation) of the stepwise "n + 1" approach we can prepare linear "oligomeric" materials of almost any length with ap olydispersity approaching unity.H owever, as with polymers, there will exist some length scale at which globulars hapes dominate over linear forms,a nd beyond this point the N TB phase may not be observed.
Liquid-crystalline dimers and oligomers have long been considered as effective model compounds for semi-flexible mainchain liquid-crystal polymers. [51] It is therefore logicalt op ostulate as to the existence of polymericm aterials that exhibit the twist-bend nematic, as well as other modulated nematic phases exhibited by low-molecular-weight dimers. Long before the twist-bend nematic phase wast opical, as eries of methylene-linked main-chain polymers (Figure 7a )w ere found to exhibit an ematic-to-nematic phase transition. [52] After some speculation, [1] subsequentr einvestigation of these materials indicatest hat the lower temperature nematic phase,d enoteda s N 2 in the original paper,i si nf act the twist-bend nematic phase. [53] Barry et al. reportedafirst-order phase transition driven by entropyi ns uspensions of helical flagella from an isotropic liquid into al iquid-crystalline state with novel chiral symmetry (Figure 7) . [54] It was also demonstrated that achiral rods (in this case non-helical flagella) do not show this phase, but rather exhibit as imple nematic. The optical textures are shown in Figure 7a nd consist of as triped pattern with alternating light and dark regions, these correspond to differing director orientations. As shown in Figure 7c ,f luorescent labellingo ff lagella reveals that they are alwaysi np hase with one another and despite the lack of positionalo rder there is long-range "phase" ordering. [54] It was proposedt hat the formation of this conical phase-as opposed to as imple nematico rc hiral nematicphase-is drivenb ys imple packing (steric) constraints;t he excluded volumeb etween two helicesb eing significantly larger when they are out-of-phase with respect to one another (Figure 7e ,l eft) than when they are in phase (Figure7e, right) and so minimisation of the excluded volume dictates ap reference for in-phase packing leading to the emergence of the conical mesophase. Parallels exist between this lyotropic phase and the N TB phase not only in terms of their shape-driven origins, but also their properties. Helical flagella were observed to diffuse along the helical axis in am anner akin to a" nut on ab olt" with diffusion being significantly faster parallel to this axis with respect to perpendicular diffusion. Recent 2 HNMR diffusiometry experiments have demonstrated similar anisotropic diffusioni nt he twist-bend nematic phase of CB7CB. [55] 
Summary and Outlook
In an achiral materialt he spontaneous breaking of mirrors ymmetry leads to domains of the N TB phase of opposite handedness. By adding as mallp ercentage of ac hiral agent (< wt %) macroscopic (> 200 mm 2 )d omains of single handedness can be obtained, and these could be exploited throught emplating to give three-dimensional nanostructured materials. [56, 57] When Figure 5 . Oligomerict wist-bendn ematogens known in the literatureaso fl ate 2016:a)the hydrogen bondedt rimer CB6OCB; [32] b) Wang's timer,note that am elting point was not reported; [47] c) the trimer T3 9 ; [49] d) the tetramer T4 9 .
[48]
Chem. Eur.J. used as ar eaction solvent the twist-bend nematic phase may also presentamore efficient methodo fc hirality transfer than that afforded by conventional chiral liquid-crystallinep hases due to the short helical pitch, manifesting as al ong chiral correlationl ength. Relative to dimers, there are relatively few exampleso fo ligomeric materials known to exhibit the twistbend nematic phase and this appears to be al ogical direction for future research. Lastly we speculate, as others have done, [1] that the entropy-driven first-order "conical nematic" phase exhibited by flagella may be al yotropic analogue of the twistbend nematic phase. The molecular factorsu nderpinning the twist-bend nematic phase in liquid-crystalline dimers and bimesogensa re now largely understood. The discoveryo falinear relationship between T NTB-N and T N-Iso taken in conjunction with experimental demonstrationo ft he importance of bend angle demonstrates that this mesophase is drivenb yg ross shape, the minimisation of free or excluded volume ande ntropy.I tm ay be possible to exploit the N TB phase in display devices-provided that the difficulty in obtainings uitable alignment is overcome-and there are reports of fast electrooptic response for some materials, which occur near to the N!N TB phase transition. [29] Twistbend nematic materials have been demonstrated to exhibit switchable reflectiono fl ight and this may find some applications. [58, 59] Manipulationo ft he striped optical texture of the planara ligned N TB phase has been demonstrated to be possible using applied AC fields, and this may find use in spatial light modulation. [60] Acknowledgements It hank Professor John W. Goodby FRS fori nteresting discussions concerningt he N TB phase as well as for proof reading this manuscript. It hank the University of York for funding researchp lacements for both Matthew Stevens and Frank Simpson. The work undertaken by Matthew and Frank on twistbend nematic LC oligomers stimulated the writing of this concept article, and for that Ia me xtremely grateful to them both for their efforts.
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